Objectives: Cytokines contribute to the development of the systemic inflammatory response syndrome or multiple-organ failure frequently observed after cardiopulmonary bypass-supported cardiac surgery. To quantify the contribution of bypassinduced versus trauma-induced inflammatory response after coronary artery bypass grafting, we examined plasma cytokine levels in 120 patients with coronary artery disease who were treated with or without cardiopulmonary bypass-assisted procedures.
termination of CPB and decrease to preoperative levels after 24 hours. 2 Patients with severely impaired preoperative left ventricular function and complicated postoperative courses after cardiac surgery 3 express higher interleukin-6 (IL-6) levels 4 and higher tumor necrosis factor-␣ (TNF-␣ ) and TNF receptor (RI and RII) levels. 5 However, it remains to be shown whether the increased inflammatory response, for which increased plasma IL-6 levels after CPB-supported major cardiac surgery are indicative, is predominantly induced by the operative trauma, including thoracotomy, or results from the activation of blood after contact with the artificial surfaces of the extracorporeal circuit or the mechanical stress exerted by it. In addition to alternative approaches, 6, 7 interest has focused on minimally invasive revascularization strategies with mini-thoracotomies and CPB, or even without CPB, as well as different revascularization techniques (eg, CPB-percutaneous coronary intervention [PCI] or conventional PCI). The latter strategies offer interesting therapeutic perspectives for the vast number of patients who require cardiac revascularization. Such strategies reduce the risk of an escalating postprocedural SIRS.
This study was designed to distinguish the contribution of CPB from that of surgical trauma to the increase of inflammatory mediators after cardiac surgery. Because IL-6 levels were much higher in patients undergoing cardiac surgery supported by CPB than in those patients who underwent bypass-supported PCI, we conclude that both CPB and surgical trauma contribute to the observed inflammatory response. Surgical trauma of conventional surgical procedures, however, is a more potent activator of the inflammatory response after cardiac surgery than CPB.
Patients and Methods

Patients
This prospective study was approved by the local ethics committee and carried out from 1995 to 1997. After giving their written informed consent, 120 patients were included. Coronary artery disease was diagnosed in all patients, for which they were treated. After diagnostic heart catheterization, patients were assigned to 1 of 3 groups according to the clinical criteria outlined in Table 1 . The CPB-PCI group included patients who were not eligible for coronary artery bypass grafting and in whom unsupported PCI was expected to present an unacceptable risk. Criteria for CPB-PCI included poor left ventricular function or 50% or more of jeopardized myocardium close to the targeted vessel, following the definitions used by the "National Registry for Supported Angioplasty." 8 All CPB procedures were performed under standard general anesthesia: midazolam, pancuronium, and fentanyl were used for induction. Anesthesia was maintained by isoflurane inhalation. The activated clotting time (ACT) was maintained at or above 400 seconds by appropriate heparin doses. During CPB, perfusion pressure was maintained at 50 to 70 mm Hg. Open circuits with combined venous and cardiotomy reservoirs were used in both CPB groups. Each system included a roller pump, hollow-fiber membrane oxygenator with integrated heat exchanger, and arterial blood filter. All circuits were uncoated. The CPB priming solution (1751 mL: 850 mL Thomaejonin electrolyte prime, 500 mL hydroxyethyl starch 6%, 250 mL mannitol M15, 50 mL NaHCO 3 , 100 mL aprotinin, and 1 mL heparin) contained 5000 IU of heparin. Both CPB groups were treated with the same standard intravenous heparinization regimen: 350 IU/kg body weight before cannulation and ACT check 5 minutes later (aiming for 400 seconds). If the ACT was lower, an extra third of the initial heparin dose was administered. After weaning from CPB, patients were given protamine to neutralize the heparin. Heparin antagonization was identical in both groups.
In patients undergoing CABG, myocardial protection was performed by antegrade infusion of Bretschneider solution. For inotropic support, epinephrine and enoximone were used as first-line drugs. In the CPB-PCI group, arterial (16F) and venous (18F) cannulas were percutaneously placed in the respective femoral vessels. All CPB procedures were performed under normothermic conditions. Unsupported PCI was performed by the Judkins technique through the femoral artery using conventional (7F) guiding catheters and 0.014-inch guide wires. For coronary angioplasty, 2.5-to 3.5-mm balloon catheters were used.
Determination of Cytokine Levels
Blood samples were obtained before the respective intervention as well as 1, 2, 3, 6, 24, 48, 72, 96, and 120 hours after starting each procedure. Samples were centrifuged, and the plasma was stored at Ϫ80°C. Cytokine measurements were performed with commercial enzyme-linked immunosorbent assay kits (IL-6 OPTEIA, Pharmingen, Heidelberg, Germany; IL-1ra, IL-8, Biosource, Hamburg, Germany; IL-1␤, IL-6, IL-10, TNF, TNF RI, and RII, Roche Diagnostics GmbH, Mannheim, Germany; sCD14: IBL, Hamburg, Germany; IL-1␣: R&D Systems, Wiesbaden, Germany) in accordance with the manufacturers' recommendations.
Statistical Analysis
Statistical analysis was performed by using SPSS (SPSS Inc, Chicago, Ill) for descriptive statistics and analysis of variance. Changes of IL-6 serum levels were prospectively defined as the end points of the study. The relationship between the IL-6 level on the first day posttreatment and the type of management protocol was assessed in 69 patients who underwent PCI, in 10 patients after CPB-PCI, and in 41 patients after CABG ( Table 1 ). The analysis focused on the 2-to 24-hour time period to avoid an observational bias caused by missing data of earlier or later time points. The statistical analysis included analysis of variance, risk score ranging, Pearson's correlation, multiple Sidak adjusted comparisons for global probability, and the Dunnett C test for unequal variances.
To avoid systematic errors when calculating maxima, the baseline value (preprocedure sample) was subtracted from the level reached at each subsequent sampling time. The peak value was then determined as indicated in formula 1:
Formula 1: Analysis of variance requires that the IL-6 level increase is normally distributed with comparable variances among the 3 treatment groups. However, the data were not normally distributed, but showed a steep left-sided slope. Therefore, a sensitivity analysis investigating the influence of the steep left-sided slope and different variances was performed. The analysis showed that neither resulted in the loss of significance of the differences in IL-6 production among the 3 treatment groups.
A basal increase of the IL-6 level can be the result of various preclinical parameters. The conditions described by the preprocedural APACHE-II score or the parameters of the risk score described next (formula 2), including diabetes (DM), ejection fraction (EF), and severity of coronary artery disease (CAD; all 3 presented in Table 1 ), may be of major importance for the preprocedural IL-6 plasma level. Thus, the latter 3 variables were included in the risk score. The sum of the risk score can range from 0 (risk not increased) to 3 (very high risk). For the analysis of variance, the baseline conditions were treated as covariates.
Formula 2:
risk score ϭ sum_DM ϩ sum_EF ϩ sum_CAD 
Both factors (APACHE-II score and risk score) were taken into account because both reflect the patients' overall pretreatment condition. The factors were not correlated with each other (Pearson correlation: r ϭ 0.167; P ϭ .073).
Differences between treatment modalities and their relationship to IL-6 release were assessed by variance analysis. The model took the influence of the treatment method on IL-6 increase into account. Pretreatment risk (risk score according to formula 2) and preprocedure APACHE-II score were considered to be covariates. Differences between the treatment methods were also evaluated by using multiple Sidak adjusted comparisons for a global probability of an error of 5%. Furthermore, the influence of the different variances and the steep left-sided slope were investigated by additional analyses of variance.
Results
High-Risk CPB-Supported Patients Undergoing Percutaneous Coronary Intervention Express Elevated Levels of Various Cytokines
To study the role of cytokines in the inflammatory response to cardiac surgery supported by CPB, we first investigated the expression of various cytokines in 3 selected high-risk patients undergoing CPB-PCI. Cytokine levels were determined in samples taken at various time points: before surgery (0), immediately after starting the procedure, and up to 120 hours postoperatively. Among the cytokines tested, IL-1␣ and IL-1␤ were not detectable, and neither IL-8 nor TNF was elevated throughout the investigational period (data not shown). Plasma levels of IL-6, IL-1 receptor antagonist (IL-1ra), IL-10, soluble TNF receptor types 1 and 2, and soluble CD14 were elevated (Figure 1 ). Because the role of TNF receptors and sCD14 is still controversial, and IL-1ra and IL-10 levels showed marked variations between patients, we used IL-6 as an accepted marker for the inflammatory response in the subsequent investigation.
Interleukin-6 Levels in High-Risk, CPB-Supported Patients Undergoing Percutaneous Coronary Intervention Are Lower than in Bypass-Supported Patients Undergoing CABG
To investigate to what extent CPB contributes to the inflammatory response after cardiac surgery, we compared the release of IL-6 during and after conventional PCI, CPB-PCI, and CPB-CABG. Patients undergoing PCI produced only very low levels of IL-6 during the whole time course of the investigation. In these patients, the IL-6 mean peak plasma level (Max IL-6 ) ( Figure 2 ) defined between 2 and 24 hours was 13.6 Ϯ 22.3 pg/mL. In contrast, patients undergoing CPB-PCI produced more IL-6 (170.4 Ϯ 165.4 pg/ mL). Patients undergoing CPB-CABG experienced CPB under conditions qualitatively comparable with those of patients undergoing CPB-percutaneous transluminal coronary angioplasty, but instead of PCI, patients undergoing CPB-CABG were subjected to conventional major cardiac surgery. In these patients, the Max IL-6 was 640.3 Ϯ 285.7 pg/mL. IL-6 levels may be influenced by various baseline conditions reflected by the pretreatment APACHE-II and risk Cytokine (%)
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Figure 1. Increased levels of various cytokines in cardiopulmonary bypass (CPB)-supported patients undergoing percutaneous coronary intervention (PCI) (CPB-PCI). Plasma levels of 3 high-risk patients undergoing CPB-PCI (marked by 3 different symbols) of interleukin (IL)-6, soluble CD14 (sCD14), tumor necrosis factor (TNF) receptors type 1 (RI) and type 2 (RII), IL-1 receptor antagonist (IL-1ra)
, and IL-10 were measured in blood samples obtained at various time points. The cytokine levels are given in percent; the 100% reference values for the various cytokines were as follows: IL-6, 70 pg/mL; sCD14, 8000 pg/mL; TNF RI, 5000 pg/mL; TNF RII, 12,000 pg/mL; IL-1ra, 20,000 pg/mL; IL-10, 700 pg/mL). Note the broken scale in the IL-1ra graph.
Cardiopulmonary Support and Physiology Prondzinsky et al
The score. In the CPB-PCI group, both scores were unfavorable compared with PCI and CPB-CABG (Table 1 ) and were therefore entered as covariates. Variance analysis revealed that 75% of the IL-6 level changes result from a combination of the specific type of treatment, the APACHE-II, and the risk score. Analysis of variance also showed that the increase of the IL-6 level was significantly related to the particular type of treatment (P Ͻ .001), whereas the initial conditions did not have a significant impact (APACHE-II, P ϭ .274; risk score, P ϭ .164). All differences between the 3 treatment groups were validated by pairwise multiple comparison (Sidak correction, Dunnett C test for unequal variances; P values Ͻ .026). The differences between treatment groups were significant (compare Figure 2) . The lack of overlap between the confidence intervals, presented in the legend to Figure 2 , supports the suggestion that these differences are significant. The differences are not affected by logarithmic transformation of the data or by adding the covariates. On the other hand, different baseline conditions present in the groups investigated in this study may disguise the influence of the type of treatment, although the treatment may have a significant impact. The impact of the baseline data interferes with the level of significance, the influence of the type of procedure, and the role of CPB on IL-6 release. However, the influence of the initial conditions, reflected by the pretreatment risk score and the APACHE-II score, on IL-6 release remained insignificant. The data indicated a higher contribution of the surgical trauma to elevated IL-6 levels in patients undergoing CPB-CABG, compared with the effects of CPB. This suggestion is further supported by the observation that, compared with the CPB-CABG group, CPB duration is significantly higher (Mann-Whitney U test: P ϭ .004; Table 1 ) in patients undergoing CPB-PCI and by analyzing the correlation of the bypass duration to maximal IL-6 levels. The latter analysis showed a correlation in the CPB-PCI group (r ϭ 0.915, P Ͻ .001), whereas the correlation was low in the CPB-CABG group (r ϭ 0.307) and not significant (P ϭ .054), indicating that IL-6 levels depend more on CPB duration in patients undergoing CPB-PCI compared with CPB-CABG (Figure 3 ). On the other hand, there was no detectable correlation between mean flow rates (r ϭ 0.067) or peak flow rates (r ϭ 0.164) and the maximal IL-6 levels in patients undergoing CPB-CABG or CPB-PCI (r ϭ 0.454 or 0.425, respectively). 
CSP Discussion
Cytokines are important modulators of immune functions, infectious processes, and the inflammatory response. 9 Recent interest has focused on the role of cytokines in cardiac surgery, particularly CPB-supported surgery. In comparison with other heart diseases, little is known about cytokine release in patients who develop postoperative complications after cardiac surgery. 10 So far, it has not been possible to distinguish between the role of surgical trauma versus CPB on cytokine production after cardiac surgery. We provide evidence that in patients undergoing CPB-CABG, the surgical procedure itself is a more potent activator of the proinflammatory response than CPB.
Elevated levels of cytokines have been observed in patients who underwent CPB-supported surgery. [11] [12] [13] Severe inflammatory response to CPB-supported cardiac surgery is thought to be mediated by cytokines involved in the regulation of inflammation, such as IL-6 or TNF. However, the role and expression of cytokines in high-risk patients with cardiac disease who undergo PCI supported by normothermic CPB are not well understood. Thus, we first investigated the expression of important proinflammatory and antiinflammatory cytokines in 3 selected high-risk patients undergoing CPB-PCI. Among the cytokines tested, plasma levels of TNF, IL-1␣, IL-1␤, and IL-8 were not above baseline in these patients. Likewise, our previous reports regarding TNF expression after cardiac surgery have shown that postoperative TNF levels are not increased in patients with low APACHE-II scores. 5 This is consistent with the present results, because the APACHE-II score of patients investigated here was below 19. We have also reported 5 that patients with APACHE-II scores greater than 24 expressed considerably elevated TNF levels, and that TNF and TNF receptor levels could be used to predict adverse outcome. On the other hand, data regarding TNF during cardiac surgery are conflicting, 14 with TNF-␣ reported to be present in chronic heart failure and cachexia, 15, 16 as well as during and after CPB, paralleled by elevated levels of endotoxin. 17 The role of IL-1 in cardiovascular diseases has not been investigated in great detail. 18, 19 However, IL-1 is present in the plasma of patients with myocarditis, 20 but not in those with myocardial infarction 21 or chronic heart failure.
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From the various cytokines tested, we chose IL-6 as a marker of the inflammatory response in all 3 patient groups. Increased IL-6 levels have been proposed as a prognostic proinflammatory marker, for example, in heart failure 23 and after cardiac surgery with CPB support. 24 Our data show that the maximal IL-6 levels observed during the first postoperative 24 hours were significantly higher in patients undergoing CPB-CABG compared with PCI and CPB-PCI. These results are consistent with recent publications showing that procedures without CPB support ("off-pump procedures") minimized surgical trauma, other than the CPB-PCI techniques used in this work, and decreased the severity of the postoperative SIRS. [25] [26] [27] [28] Our data extend the mentioned literature findings by providing evidence that in patients undergoing CPB-CABG, trauma contributes more potently to IL-6 release than extracorporeal circulation. This conclusion is supported by 2 lines of evidence. First, we show that the maximum IL-6 release in patients undergoing CPB-PCI is much lower than in patients undergoing CPB-CABG. In patients undergoing CPB-PCI, most of the IL-6 release is probably induced by CPB, because only very small amounts of IL-6 are detectable in patients undergoing PCI without CPB. Assuming a comparable effect of CPB in patients undergoing CPB-CABG or CPB-PCI, trauma must be the major IL-6 inducer in patients undergoing CPB-CABG: After correction for the IL-6 level observed in patients undergoing PCI (13.6 pg/ mL), the contribution of the CPB (156.8 pg/mL), as determined in patients undergoing CPB-PCI, counts for only one quarter of the IL-6 (626.7 pg/mL) measured in patients undergoing CPB-CABG. The remaining 75% of the IL-6 (626.7-156.8 ϭ 469.9 pg/mL) may be caused by the trauma and additional factors. Second, the present data show a statistically significant correlation (P Ͻ .001) of CPB duration and IL-6 release (r ϭ 0.915) in patients undergoing CPB-PCI. However, in patients undergoing CPB-CABG, the correlation between bypass duration and IL-6 peak levels is low (r ϭ 0.307) and not significant (P ϭ .054). It remained insignificant (P ϭ .095), even if the outlier was included in the calculation of the correlation.
Conclusions from these results may be limited because of the relatively small patient numbers in the CPB-PCI group. Nevertheless, we believe that the weak correlation between IL-6 release and CPB duration in patients undergoing CPB-CABG (in comparison with CPB-PCI patients) indicates trauma (vs extracorporeal circulation) as a cause of higher and more variable IL-6 release.
With respect to the statistical analysis, the small number of patients in the CPB-PCI group presents a particular problem, especially because of the nonrandomized character of the study. For ethical and legal reasons, however, randomization would not have been acceptable at any time.
In addition, inclusion of a CPB-PCI patient group was a unique chance from a historical perspective, because this treatment strategy is no longer indicated or has only rare indications. In view of the markedly improved options provided by catheter interventions, including clearly safer and less-complicated stent insertion and the use of GP-IIb/IIIa antagonists supplemented by intraaortic balloon pumping, CPB-PCI can no longer be justified today.
Current data 29 are inconclusive as to which patient group derives the most benefit from off-pump coronary revascularization. Reduced inflammatory response, that is, initial benefit of avoiding CPB, has to be weighed against de-creased 3-month graft patency rates. Conceivably, the benefit will be highest in elderly patients in whom preoperative comorbidities are more frequent and who are subsequently expected to have a higher perioperative risk of organ failure.
In summary, the present data show that both CPB and the surgical procedure itself strongly contribute to the induction of IL-6 release during cardiac surgery. However, the contribution of trauma, compared with CPB, is much higher in CPB-assisted cardiac surgery.
